Abstract: Cobalt (Co) is vital for cells in trace amounts, but excessive exposure to Co is possible due to surgical devices such as artificial metal-on-metal joints. Cobalt(II) chloride (CoCl 2 ) has also been shown to imitate hypoxic conditions in cells by stabilizing the transcription factor hypoxia-inducible factor-1a (HIF-1a). The purpose of this study was to investigate the possible immunomodulatory action of CoCl 2 by investigating its effects on the expression of inflammatory genes in macrophages. The following factors were assessed: inducible nitric oxidase synthase (iNOS), nicotinamide adenine dinucleotide phosphate-oxidase 2 (NOX2), interleukin-6 (IL-6), arginase-1 and HIF-1a. In the absence of exogenous cytokines, CoCl 2 enhanced alternative (M2) macrophage activation as demonstrated by increased arginase-1 expression, but had no direct effect on inflammatory factors associated with classical (M1) activation. Interestingly, in lipopolysaccharide (LPS)-stimulated macrophages, CoCl 2 modified the M1-type activation profile by increasing iNOS expression and nitric oxide production and decreasing NOX2 and IL-6. Also, CoCl 2 increased HIF-1a levels in unstimulated and LPS-stimulated cells as expected. In conclusion, we showed that CoCl 2 enhanced alternative (M2) activation in resting macrophages. In addition, CoCl 2 was found to remodel the classical M1 phenotype of macrophage activation by changing the balance of iNOS, NOX2 and IL-6.
Cobalt (Co) is a transition metal and vital in trace amounts for vitamin B12 (hydroxocobalamin) formation. In the body, Co can stimulate erythropoietin production and thus increase the number of red blood cells. However, in large doses, Co has been proven to be acutely toxic, and carcinogenic; in increased concentrations, Co is genotoxic and cytotoxic inducing both apoptosis and necrosis followed by inflammatory response [1] .
Human beings are exposed to Co mainly due to work conditions or cigarette smoke. At present, Co exposure is also possible due to the use of surgical devices such as cobalt chromium (CoCr) alloys in metal-on-metal (MoM) prostheses, and Co has been shown to be more cytotoxic than Cr [2] . MoM artificial joints used in hip replacement surgery have evoked a great concern due to their potential to develop local adverse tissue reactions, such as pseudo-tumours, in the periprosthetic tissues [3] . The mechanisms behind the harmful effects of Co on the tissues are still unclear but existing theories present Co as a foreign body, a hapten, or a toxic material which all can induce an inflammatory reaction in the tissues [4, 5] . The reactions result from the Co ions or particles of nanometer size which are released from the prosthesis due to joint corrosion and wear [5] . This released metal material spreads around the prosthesis but also through lymphatic and blood vessels all over the body presumably causing local and systemic toxic effects [1] .
In cells, cobalt(II) chloride (CoCl 2 ) stabilizes a transcription factor called hypoxia-inducible factor-1 (HIF-1). Several theories exist to explain the mechanism of this HIF-1-stabilization by Co [6] [7] [8] [9] . HIF-1 is typically present in hypoxic situations in the tissues and is composed of two subunits, HIF-1a and HIF-1b, of which HIF-1a is oxygen-regulated [10] . The transcription of HIF-1 target genes in hypoxic situations facilitates the tissue to adapt to a reduced oxygen level. The HIF-1-regulated genes are involved for example in angiogenesis, energy metabolism, erythropoiesis, cell proliferation and viability [10] . Under normoxia, HIF-1a is rapidly hydroxylated by an oxygen-dependent prolyl hydroxylase and ends up on proteasome to be degraded [11] thus decreasing the levels of HIF-1 and the target gene expression.
Macrophages are large differentiated phagocytic cells involved in inflammatory and repair processes in the human body. Depending on the prevailing cytokine environment in the tissue, macrophages activate into different phenotypes to contribute to host defence or tissue repair and remodelling [12, 13] . There exist two main phenotypes of macrophage activation, M1 and M2, which differ from each other by their cell surface markers and gene expression profiles [14] .
Bacterial lipopolysaccharide (LPS) and interferon-gamma (IFN-c) produced by Th1 lymphocytes are prototypical molecules that stimulate macrophages to express the classically activated phenotype (M1 macrophages). M1 macrophages are essential in the cellular immunity because they produce proinflammatory cytokines such as interleukin-6 (IL-6) in addition to highly microbicidal substances such as nitric oxide produced by the enzyme inducible nitric oxidase synthase (iNOS) [15] , and reactive oxygen species (ROS) produced by the enzyme NADPH oxidase 2 (nicotinamide adenine dinucleotide phosphate-oxidase 2 or NOX2) [14] .
Interleukin-4 and interleukin-13 generated by Th2 lymphocytes induce the alternative activation of macrophages (M2 macrophages). Alternatively activated macrophages are involved in the resolution of inflammation and tissue repair. A prototypic marker of M2 activation is arginase-1, an enzyme linked to the production of extracellular matrix [14] .
However, the division between the macrophage phenotypes is only approximate and it is more than likely that there exist several other (modified M1 or M2 or their intermediate) phenotypes whose characteristics are determined by the complex interaction of several tissue markers and transmitters as proposed by Mosser and Edwards [16] . They suggested a continuum of different macrophage classes with overlapping functions rather than a strict division. In addition, the polarization of a macrophage to a certain phenotype of activation is not static, but can change over time depending on the demands of the tissue and its cytokine environment [17, 18] .
In this study, the effect of CoCl 2 on macrophage phenotype was examined in an attempt to understand the cellular and inflammatory effects of Co-releasing prostheses and other Coreleasing devices. Our results show that CoCl 2 remodels M1 phenotype in activated macrophages and polarizes resting macrophages towards M2 phenotype.
Materials and Methods
Reagents. The antibodies used in the study were the following: rabbit polyclonal iNOS and b-actin antibodies, goat polyclonal arginase-1 antibody; goat anti-rabbit, goat antimouse and donkey anti-goat HRPconjugated secondary antibodies from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA); mouse monoclonal NOX2 (gp91phox) and HIF-1a antibodies from Abcam (Cambridge, UK). Recombinant mouse IL-4 and IL-13 were from R&D Systems (Minneapolis, MN, USA). Lipopolysaccharide (Escherichia coli origin) and all other reagents were from Sigma-Aldrich Co. (St. Louis, MO, USA) unless otherwise stated.
Cell culture. Murine J774 macrophage cell line cells (American Type Culture Collection, Manassas, VA, USA) were cultured at 37°C, in 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium with Ultraglutamine 1 (Sigma-Aldrich Co.) supplemented with 10% heatinactivated foetal bovine serum (Lonza Group Ltd., Basel, Switzerland), penicillin (100 U/ml), streptomycin (100 lg/ml) and amphotericin B (250 ng/ml) (all obtained from Invitrogen Co., Carlsbad, CA, USA). Cells were harvested with trypsin-EDTA (Invitrogen Co.). For Western blot experiments, RNA extraction and nitrite and IL-6 measurements, cells were seeded on 24-well plates or 10-cm dishes. Seventy-two hours after seeding, the cultures were confluent and the cells were exposed to fresh culture medium containing the compounds of interest.
The direct cytotoxicity of cobalt at the concentrations used was ruled out by a modified XTT test (Roche Diagnostics, Mannheim, Germany).
Analysis of IL-6 and nitric oxide production. The cell culture media were collected after 24 hr of incubation and stored at À20°C until analysed for IL-6 using reagents from R&D Systems Europe Ltd (Abingdon, UK). The amount of nitric oxide produced was determined by measuring the accumulation of nitrite, a stable metabolite of nitric oxide in aqueous solution, in the culture media according to Green et al. [19] .
Analysis of mRNA levels by reverse transcriptase-polymerase chain reaction. Total RNA of the cultured cells was extracted at indicated time-points with GenElute TM Mammalian Total RNA Miniprep kit (Sigma-Aldrich Co.). cDNA was reverse-transcribed from total RNA (100 ng) using TaqMan Reverse Transcription reagents and random hexamers (Applied Biosystems, Foster City, CA, USA). The cDNA obtained from the reverse transcriptase was diluted 1:20 with RNAasefree water, and the samples were subjected to quantitative polymerase chain reaction (PCR) using TaqMan Universal PCR Master Mix and ABI Prism 7000 sequence detection system (Applied Biosystems).
Primers and probes for iNOS, IL-6, arginase-1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, used as a control gene) (table 1) were designed and optimized according to the manufacturer's protocol using Primes Express â Software (Applied Biosystems). The expression of NOX2 and HIF-1a mRNA was assayed using TaqMan â Gene Expression assay (Applied Biosystems).
Analysis of cellular proteins by Western blot. To prepare the cell lysates for Western blot, cells were, at indicated time-points, washed with ice-cold phosphate-buffered saline. Then, they were lysed with a buffer containing 10 mM Tris-base, pH 7.4, 5 mM EDTA, 50 mM NaCl, 1% Triton X-100, 0.5 mM phenylmethylsulphonyl fluoride, 1 mM sodium orthovanadate, 20 lg/ml leupeptin, 50 lg/ml aprotinin, 5 mM NaF, 2 mM sodium pyrophosphate and 10 lM n-octyl-b-Dglucopyranoside. After incubation on ice for 15 min., lysates were centrifuged (13,400 9 g, 4°C, 10 min.), supernatants were collected and mixed 3:1 with SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 0.025% bromophenol blue and 5% bmercaptoethanol). The samples were kept at À20°C until analysed. Nuclear protein extraction was carried out as described previously [20] . Membrane proteins were extracted using Mem-PER Plus Membrane Protein Extraction Kit (Thermo Scientific, Waltham, MA, USA) following the instructions provided by the manufacturer; in buffers, protease inhibitors phenylmethylsulphonyl fluoride (0.5 mM), sodium orthovanadate (1 mM), leupeptin (20 lg/ml), aprotinin (50 lg/ml), NaF (5 mM) and sodium pyrophosphate (2 nM) were added. The protein concentration of the sample was determined by the Coomassie blue method [21] . The samples were kept at À80°C until analysed. Cell lysate samples and nuclear proteins were boiled with SDS sample buffer, and membrane proteins were kept at 37°C for 20 min.; then, 20 lg of protein of each sample was loaded on 10 or 12% SDS-polyacrylamide gel and separated by electrophoresis. Proteins were transferred to Hybond-ECL TM nitrocellulose membrane (Amersham, Little Chalfont, Buckinghamshire, UK) or iBlot â nitrocellulose membrane (Novex, Life Technologies, Carlsbad, CA, USA) and after the transfer, the membrane was blocked in TBS/T (20 mM Tris-base pH 7.6, 150 mM NaCl, 0.1% Tween-20) containing 5% non-fat dry milk or 5% bovine serum albumin for 1 hr at room temperature and incubated with primary antibody in the blocking solution at 4°C overnight. The membrane was washed with TBS/T and incubated with the secondary antibody in the blocking solution for 1 hr at room temperature and washed. Bound antibody was detected using SuperSignal West Pico or Dura chemiluminescent substrate (Pierce, Rockford, IL, USA) and ImageQuant LAS 4000 mini imaging system (GE Healthcare Life Sciences, Uppsala, Sweden). The chemiluminescent signal was quantified with ImageQuant TL 7.0 image analysis software (GE Healthcare Life Sciences).
Statistical analysis. Statistical analysis was performed using GraphPad InStat 3 version 3.10 for Windows (GraphPad Software, San Diego, CA, USA). One-way ANOVA followed by Dunnett's multiple comparisons test as post-test was used to analyse the results, and p value < 0.05 was considered significant. Results are expressed as mean + S.E.M.
Results
The effect of CoCl 2 on nitric oxide synthesis pathway in J774 macrophages.
Resting J774 macrophages or macrophages incubated with CoCl 2 alone did not produce detectable amounts of nitric oxide. LPS significantly induced the production of nitric oxide, and CoCl 2 further increased the LPS-induced nitric oxide production in a dose-dependent manner ( fig. 1A ).
In line with the observed increase in nitric oxide production, CoCl 2 also increased iNOS protein ( fig. 1B) and mRNA ( fig. 1C ) levels in LPS-activated macrophages. CoCl 2 alone did not increase iNOS protein or mRNA levels.
The effect of CoCl 2 on NOX2 expression in J774 macrophages. In immunity, the main function of nitric oxide is to act as a pathogen-killing free radical. As CoCl 2 increased iNOS protein expression in LPS-stimulated macrophages, we wanted to test whether this is also true with NOX2, another enzyme essential for microbicidal activity of M1 macrophages.
As seen in fig. 2A , CoCl 2 alone had no effect on the NOX2 mRNA levels compared with the resting state cells, but LPS stimulation significantly increased the levels of NOX2 mRNA. However, CoCl 2 decreased NOX2 mRNA levels in LPS-stimulated cells in a dose-dependent manner ( fig. 2A) .
At protein level, LPS increased NOX2 protein production compared to the untreated cells ( fig. 2B) . Consistent with the mRNA results, CoCl 2 decreased NOX2 protein levels in LPSstimulated cells.
The effects of CoCl 2 on IL-6 expression in J774 macrophages. Next, we investigated the effects of CoCl 2 on IL-6 which is another classical activation marker in J774 cells. Resting J774 cells did not produce detectable amounts of IL-6. LPS-activated macrophages secreted IL-6, and CoCl 2 reduced IL-6 production in a dose-dependent manner ( fig. 3A) . However, CoCl 2 had no clear effect on the IL-6 mRNA levels in LPSactivated cells (fig. 3B ).
The effect of CoCl 2 on arginase-1 expression in J774 macrophages.
To investigate the effects of CoCl 2 on alternative (M2) macrophage activation, we determined the mRNA and protein levels of arginase-1. Interestingly, CoCl 2 in the concentration of 100 lM alone increased the expression of arginase-1 protein as compared to resting cells by 2. 3-fold (fig. 4A ). The combination of IL-4 and IL-13 highly increased arginase-1 protein expression compared to unstimulated cells, as expected. With increasing CoCl 2 concentration, an ascending trend was seen in protein expression, but it was not statistically significant ( fig. 4B) .
At mRNA level, IL-4 + IL-13 induced an increase in the arginase-1 levels, but CoCl 2 did not modify the mRNA levels either in resting or IL-4 + IL-13 induced cells (fig. 4C ).
The effect of CoCl 2 on HIF-1a expression in J774 macrophages. Some of the effects of CoCl 2 have been reported to be mediated through stabilization of HIF-1a protein, a key transcription factor in regulating cellular changes in hypoxia. As seen in fig. 5A , CoCl 2 both alone and together with LPS increased HIF-1a protein levels compared to unstimulated cells in a statistically significant manner. Also, LPS stimulation elevated the levels of HIF-1a compared to the control cells.
CoCl 2 alone did not induce an increase in HIF-1a mRNA levels as compared to resting stage J774 macrophages. The production of HIF-1a mRNA was constant also in LPS-treated cells incubated with increasing concentrations of CoCl 2 . Nevertheless, LPS increased the levels of HIF-1a mRNA ( fig. 5B) .
Discussion
In the present study, we investigated the effect of CoCl 2 on the inflammatory gene expression in macrophages using J774 murine macrophage cell line. At the studied concentration range (1-100 lM), CoCl 2 exposure did not change the levels of M1 activation markers, such as iNOS, NOX2 and IL-6 as compared to unstimulated cells indicating that CoCl 2 alone does not induce M1-type activation in macrophages. However, in LPS-stimulated macrophages, CoCl 2 modified the M1-type activation profile by increasing iNOS expression and nitric oxide production and decreasing NOX2 and IL-6. Nitric oxide produced by iNOS is a strong vasodilator and pro-inflammatory signalling molecule: it is produced in high amounts in response to inflammatory stimuli, and it regulates inflammation through direct and indirect mechanisms in addition to its antimicrobial effects [22, 23] . We found an increase in both iNOS mRNA and protein levels and an increase in nitric oxide production in LPS-stimulated macrophages exposed to CoCl 2 . Co ions have been shown to activate Tolllike receptor 4 (TLR4) which is present in macrophages and has a fundamental role in triggering innate immune responses after exposure to, for example, LPS [24] . Therefore, the increase in the iNOS mRNA levels in our study might be a result of the increase in TLR4 activation pathway. Mou et al. [25] discovered that CoCl 2 increases iNOS mRNA and protein, and nitric oxide production in murine microglial cells, indicating their central role in causing injury and cell death in the inflammatory response in the central nervous system (CNS), which is consistent with our results. Our results are also supported by the previous findings that nitric oxide (C) The effect of CoCl 2 on iNOS mRNA levels. Cells were treated with CoCl 2 alone or in combination with LPS. After 6-hr incubation, total RNA was extracted and iNOS mRNA levels were determined by RT-qPCR. Results were normalized against glyceraldehyde-3-phosphate dehydrogenase mRNA and are expressed relative to that in LPStreated cells. Results represent the mean + S.E.M. **p < 0.01. production is enhanced by Co exposure as observed in murine dermal fibroblasts [26] , myocardial cells [27, 28] and in peritoneal and splenic macrophages [29] .
Interestingly, the increase in the iNOS protein levels was even greater than the elevation measured in the iNOS mRNA. That finding may refer to a stabilization of iNOS protein due to Co: like HIF-1a protein degradation, also the degradation of iNOS [30] might be prevented in the presence of Co. In inflammatory conditions, iNOS is degraded through the proteasome pathway [30] , and there is evidence that some compounds such as PPARa agonists [31] and naturally occurring lignan nortrachelogenin [32] suppress iNOS levels by promoting its degradation through the proteasome pathway. Thus, Co could act in an opposite way and hamper the proteasomal degradation pathway and hence increase iNOS protein levels.
In LPS-stimulated cells, CoCl 2 induced a decrease in NOX2 mRNA and protein levels. Superoxide produced by NOX2 is an essential part of the microbicidal oxidase system of the phagocytes against invading pathogens. The previous research concerning the effect of Co on NOX2 is limited with conflicting results: one study found a reduction in the NOX2 mRNA levels in diabetic rat kidney cells due to Co [33] , and another study showed that CoCl 2 increased NOX2 expression The effect of CoCl 2 on IL-6 mRNA production. Cells were treated with CoCl 2 alone or in combination with LPS. After 6-hr incubation, total RNA was extracted and IL-6 mRNA levels were determined by RT-qPCR. Results were normalized against glyceraldehyde-3-phosphate dehydrogenase mRNA and are expressed relative to the mRNA levels of resting state J774 macrophages. Results represent the mean + S.E.M. **p < 0.01. Cells were treated with CoCl 2 or with IL-4 + IL-13. After 24-hr incubation, proteins were extracted and the protein levels were determined by Western blot analysis. b-Actin was used as a loading control. (C) The effect of CoCl 2 on arginase-1 mRNA levels. Cells were treated with CoCl 2 alone or in combination with IL-4 + IL-13. After 24-hr incubation, total RNA was extracted and arginase-1 mRNA levels were determined by RT-qPCR. Results were normalized against glyceraldehyde-3-phosphate dehydrogenase mRNA and are expressed relative to IL-4 + IL-13 induced cells. Results represent the mean + S.E.M. *p < 0.05. in rat PC12 cells [34] , both without exogenous inflammatory stimuli. As some microRNAs have been shown to regulate NOX2 expression [35, 36] , an interesting study would be to test the effect of Co on post-transcriptional regulation of NOX2 via microRNAs.
Both nitric oxide and superoxide are reactive molecules and microbicidal agents. However, ROS and nitric oxide have also opposing effect in some situations, for example, in the regulation of vascular tone. ROS can also interfere iNOS/nitric oxide pathway: ROS deplete the amount of nitric oxide in a reaction to produce peroxynitrite [22] and can also uncouple the nitric oxide-generating iNOS homodimer producing inactive monomers [37] .
Peroxynitrite is not only an inactivation product of nitric oxide but also a powerful oxidant and nitrating agent with cytotoxic properties and an important macrophage-derived molecule against parasites [38, 39] . In inflammation, the actions of nitric oxide most probably dominate over peroxynitrite due to its excessive formation, even though some of nitric oxide might be consumed in the reaction with superoxide to form peroxynitrite. The inflammatory action of nitric oxide includes, for example, the direct effect of nitric oxide in a reaction with transition metals in prosthetic groups of enzymes and thus regulation of their activity. Another molecular regulatory action is the indirect effect of nitric oxide in S-nitrosylation reaction, in which nitric oxide induces the formation of S-nitrosothiols from cysteine residues which affects the activity of several proteins [22] . The role of nitric oxide is essential in exciting inflammation, but the anti-inflammatory effects of ROS are generally less recognized until recently. ROS deficiency may lead to an accumulation of phagocytosed material inside the phagocytes due to their decreased degradation capacity, to lack of ROS-dependent signalling and to the prolongation of the inflammatory response due to the impairment of the oxidative inactivation of pro-inflammatory mediators [37] . ROS regulate also immune responses, lymphocyte proliferation and T-cell autoreactivity resulting in suppressed autoimmunity, inflammation and arthritis in many disease models [40] . Therefore, if Co enhances the production of nitric oxide by macrophages but diminishes ROS generation (as was found in the present in vitro study), it might lead to an escalating inflammatory reaction in tissues where Co is present such as in artificial MoM joints.
Mechanisms behind the opposite effects of Co on iNOS and NOX2 expression cannot be concluded based on the present results. The transcriptional regulation of iNOS and NOX2 has rather similar features in terms of transcription factors [22, 37] . An interesting option which might partly explain the observed differential regulation of iNOS and NOX2 expression following exposure to Co is the ets family transcription factor PU.1. It has been shown to be down-regulated in hypoxic conditions [41] . Furthermore, phagocytes from PU.1-deficient mice have been reported to express negligible amounts of NOX2 as compared to the wild-type mice, whereas PU.1 is not a significant transcription factor for iNOS [22, 42] . Further studies are needed to understand the detailed mechanisms how Co regulated the iNOS and NOX2 expression in classically activated macrophages.
Soluble IL-6, considered as another M1-activation marker and a pro-inflammatory cytokine, acts by stimulating immune response because it increases the synthesis of acute phase proteins [43] , is necessary in T-cell recruitment and inhibits their apoptosis and T reg cell differentiation [44] . The decrease in the IL-6 protein levels but no change in the IL-6 mRNA levels suggests that CoCl 2 has no influence on the regulation of transcription of IL-6 in the presence of LPS. Nevertheless, the effect of Co may focus on the protein degradation pathway enzymes by modulating their functions and increasing the dissipation of the formed IL-6 or the translation might be regulated by factors such as microRNAs [45] . Mou et al. [25] found an increase in the IL-6 protein production in murine microglial cell line N9 by cytometric bead array after the cells were treated with CoCl 2 10 lM and LPS 100 ng/ml for 24 hr. In addition to the increase in IL-6 production, also tumour necrosis factor levels were elevated. They concluded that Co could function as microglial activator, and it potentiates microglial inflammatory response in CNS. Our results suggest that IL-6 production is not induced by Co in classically activated on HIF-1a mRNA levels. Cells were treated with CoCl 2 alone or in combination with LPS. After 3-hr incubation, total RNA was extracted and HIF-1a mRNA levels were determined by RT-qPCR. Results were normalized against glyceraldehyde-3-phosphate dehydrogenase mRNA and are expressed relative to resting state J774 macrophages. Results represent the mean + S.E.M. **p < 0.01, ns = not significant. macrophages, but other aspects of Co effect on the macrophage function predominate in the inflammatory reaction.
The protein level of the classical M2 activation marker arginase-1 was observed to increase after exposure to CoCl 2 , but no change in arginase-1 mRNA amounts was observed when cells were simultaneously incubated with IL-4 + IL-13 and CoCl 2 . However, an increasing trend was observed in protein levels, but it was not statistically significant. Taking this moderate increase into account, an inhibition of proteasome degradation pathway of arginase-1 might also be possible, as discussed with iNOS above. CoCl 2 may induce alternative activation in undifferentiated macrophages, but does not alter macrophage polarization in the presence of a strong M2-inducing stimulus like combination of IL-4 and IL-13.
We also assessed changes in the levels of the transcription factor HIF-1a. HIF-1 is one the transcription factors of iNOS [46] . Also CYBB gene, coding for NOX2, is a target gene of HIF-1, and on the other hand, ROS have been reported to stabilize HIF-1a [47] indicating a positive feedback loop, at least in angiogenesis [48] . We observed an increase in HIF-1a protein levels after incubation of 4 hr with CoCl 2 , but no change in the HIF-1a mRNA levels were found. This supports the assumption that Co protects HIF-1a protein from proteolysis [9] . However, considering the fact that iNOS and NOX2 mRNA levels were changed towards opposite directions by CoCl 2 , it is unlikely that increased HIF-1a level is a sufficient mechanism of action of CoCl 2 , and hence, this topic demands further studies.
The Co and Cr ion concentrations in the blood and in the synovial fluid correlate with MoM joint wear [49, 50] . The accumulation of Co is significant within the periprosthetic connective tissues [51] , and the cobalt concentrations are the synovial fluid which may reach 15 lg/l [52] . In the present study, we used cobalt concentrations of 7 lg/l (100 lM) and 0.7 lg/l (10 lM) which can be regarded as clinically relevant in terms of the metal reaction around failed MoM prostheses. Macrophage accumulation is a characteristic feature in the tissue reaction around MoM joints [53] further supporting the applicability of the present results for the pathogenesis of the reaction.
Also, the role of HIF-1a in the development of inflammation around MoM joints is intriguing because increasing concentrations of cobalt were found to up-regulate HIF-1a in peri-implant tissues of failed MoM implants [54] . Macrophages have been reported to be M1-polarized in revision joint replacement tissue samples [55] , and now we showed that Co remodels the M1 phenotype. In the future research, it remains to be resolved what the exact mechanisms behind the effects of Co on macrophage activity and gene regulation are, what signal transduction pathways are involved, and what kind of inflammatory process exactly prevails around the inflamed MoM joints.
In summary, we showed that CoCl 2 alone induces M2 activation in unstimulated macrophages to some extent as shown by an increase in arginase-1 protein levels, but CoCl 2 does not have a distinct effect on the alternative macrophage activation when a strong stimulus such as the combination of IL-4 + IL-13 is present. More interestingly, CoCl 2 exposure was found to remodel the M1 phenotype as macrophage activation was adapted from the typical classical phenotype towards enhanced activation of iNOS/nitric oxide pathway.
